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FOR LANDFILL STUDIES 
BY 
JOEL GEORGE SMITH 
B.S.E., Florida Technological University, 1972 
This report reviews the state of the art with respect to 
permeability determination and sanitary landfills. Characteristics 
of the soil which determine the permeability are g1ven. Processes 
which can change the permeability are discussed. 
Darcy's Law, the mathematical basis of permeability and its 
validity are discussed. Laboratory and field methods for determining 
the permeability are also discussed. Applications of determined 
permeability. for design and management of landfills are also 
indicated. 
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Permeability is a useful and complex parameter and is . a neces-
sary quantitative .measure of fluid flow in porous materials. Con-
sequently, permeability has applications in many fields of engineering, 
particularly in dam seepage . ., slope stability, settlement analyses, 
dewatering, ground water flow, etc. 
Recent interest in the environmental impact of projects has in-
creased investigation of the impact of sanitary landfills. This solid 
waste disposal system utilizes the subsurface deposition of refuse and 
subsequent covering with natural fill. If this matter decomposes in a 
saturated condition a leachate is formed. The leachate, which is a 
mineralized water, can reduce the quality of ground waters in the area 
surrounding the landfill site. The movement of the leachate will depend 
on the contents, spatial distribution and ground water movement at the 
site (Remson et al, 1968). The California State Department of Water 
Resources has classified the acceptability of landfill sites with 
respect to the transmissibility (determined from the permeability) of 
underlying geological structures (Coe, 1970). 
Until recently most studies had been performed in the arid 
southwest where leachate transmission did not present serious problems. 
However, geophysical studies performed in Illinois (Cartwright et al, 
1968) utilizing electrical earth resistivity and soil temperature sur-
veys showed a direct relationship between leachate movement and p~r­
meability of subsurface strata. 
1 
2 
Permeability plays an important role in the site selection and 
management of sanitary landfills. Thus, expenditure of resources is 
justified in determination of permeability with accuracy within accept-
able limits. Leachate affects on the time rate of change of perme-
ability also deserve investigation. 
This report reviews the permeability determination techniques 
for use in sanitary landfills and indicates areas for future study. 
Factors affecting permeability, the theoretical basis of permeability, 
its validity, methods for determining permeability and methods of 
applications to landfill sites will be described. 
rnA.PTER I 
FACTORS AFFECTING PERivffiABILITY 
The permeability of a soil is the ease with which a fluid 
(water) will be transmitted through the soil under the influence of a 
hydraulic gradient. An increase in permeability corresponds to an 
increase in the quantity of flow under a constant hydraulic gradient. 
Physical characteristics of the soil will determine the permeability. 
Table 1 shows approximate permeability, drainage and soil classifica-
tion comparisions. For clean sands the permeability can vary from 
1.0 to 0.001 em/sec. 
I 
An idealized representation of a sandy soil would be a bed of 
spheres. Geological processes which form a soil~ however, produce a 
mixture of particles of many different sizes and shapes. Permeability 
is affected by five major physical characteristics of the soil; 
particle size and shape, void ratio, composition, soil f abric, and 
degree of saturation (Lambe, 1969). Particle size influences the 
sizes of the pores through 1vhich the fluid must pass. The pore area 
is r epresented by the void ratio or poros i t y which is i ndicative of 
the density of the soi l. 
The particles in a soil are classifi ed as ~and, silt , or clay . 
Classificati on is based on grain size and cohes ive properties of the 
soil grains. Various agencies have different cr i teria for soil 
classification. The composition of the soil is deterl'Irined by the 
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measured by a mechanical sieve analysis and silt and clay percentages 
are determined by hydrometric analysis or centrifuge tests (Lambe, 
1951). 
The fabric or structure of a soil is determined by the arrange-
ment of the soil particles. Arrangement of the particles affects the 
pore geometry and determines the tortuosity of the path that the water 
must follow. Degree of saturation is indicative of the amount of air 
in the soil void spaces. This mixture of two fluids (water and air) 
increases the resistance to flow through the soil. Determination of 
permeability is usually performed under completely saturated conditions 
(volume of air = zero) although the effects of satura~ion can be 
accounted for in calculations of seepage rate (Fok, 1970). 
These characteristics are qualitative in nature and the assign-
ment of quantitative figures to their relative effect on the permea-
bility has not been particularly successful for natural soil conditions. 
Table 2 shows the comparison between laboratory permeability on a 
landfill site O~cLellon, 1973) obtained in a constant head perrneameter 
and those recommended for use in the Navfac Design ~~ual (Navfac, 
1971). This manual related the d10 grain size and void ratio to the 
expected permeability. The correlation was not accurate and variation 
was not predictable. However, an understanding of soil characteristics 
is required for determining the effects that change in soil condition 
will have on the permeability. The leachate from a sanitary landfill 
can be eA.rpected to change t.he permeability of ti1e s0il. Predicting 




COMPARISON OF PERtvffiABILITI 
OBTAINED BY GRAPHICAL ~ffiTHODS ~~ LABORATORY TESTS . . 
Grain Size 
dlO Void Ratio kDM-7 * 
(lv1cLellon, 1973) (mm) e (10- 4 em/sec) 
~ 
0.0 0.2 0.66 507.0 
0.80 0.15 0.72 268.0 
0.160 0.16 0.60 162.0 
150.70 0.19 0.66 491.0 
150.150 0.18 0.70 482.0 
150.230 0. 12 0.61 65.8 
300.0 0,19 0.70 482.0 
300.80 0.15 0.74 
. 
268.0 
300 . 160 0 . 34 0.66 1730.0 
450.0 0.39 0.66 1420.0 
-~50. 80 0.22 0.66 698.0 
450 .160 0.12 0.66 127.0 
:); k 
DM-7 Permeability from Navfac DM-7 (1971) 
** k Lab Permeability obtail1ed from constant head permeability test. 
Penneability 
klab ** 















In landfill applications, the soil will act as a straining 
mechanism on the leachate. Four processes have been defined which 
operate in removing suspended particles from the leachate (Krone, 1967). 
These processes are surface straining, bridging, sedimentation, and 
adhesion and cohesion. Surface straining will increase the resistance 
to flow as the particles accumulate at the soil surface. Bridging 
occurs when the particles are larger than the soil pores. Sediment-
ation can occur due to the fluctuating flow velocity in the soil pores. 
Adhesion and cohesion occur in an interaction between the surfaces of 
the suspended particles and the soil particles. Accumulation of 
suspended solids in the soil pores will promote growth of bacterial 
slimes which when combined with the above processes can be expected 
to decrease the permeability of the soil. 
The chemical character of the leachate can also affect the per-
meability. This effect is generally through changes induced in the 
soil fabric, although plugging of the soil pores by large molecular 
complexes also must be considered. 
Iron oxides and sodium in the leachate will disperse soil 
particles, increasing the permeability. This occurs when there are 
clay particles present. However, in all soils iron and calcium can 
precipitate to form i mpervious layers which will decrease the per-
meability. Organic matter in clayey soils 1~11 increase the per-
meability by aggregat i on of t he particles (Horn._, 1 ~ 71). Tbe impor-
tance of these chemical effects warrants further investigation with 
respect to leachate applications. 
Physical processes which can decrease t he .soil permeability-
are compaction and wet cultivation (Horn, 1971) . These factors could 
be used to decrease the amount of water entering the cells at a 
sanitary landfill. Avoiding them would have the reverse effect. 
8 
It -is seen then that soil permeability can be a parameter of 
use in managing sanitary landfills. Obviously it is important in the 
site selection of a landfill. The rate at which water will move from 
the site is determined from the permeability of the soil. An under-
standing of the theoretical derivation, and determination of the per-
meability will be useful. 
DERIVATION OF DARCY'S LAW 
Permeability determinations are based on Darcy's Law (Darcy~ 
1856). In his studies, he related the bulk velocity of flow in porous 
media to the first power of the hydraulic gradient by the coefficient 
of permeability. This law is generally assurrred valid for laminar flow. 
v = ki (1) 
Where: v = Discharge velocity 
k = Permeability 
1 = Hydraulic gradient 
In deriving the differential form of Darcy's Law, the saturated con-
dition is assumed. Consider an elemental soil volume dV = dA/dl 
(Hautush, 1964), wher e dAis the elemental area and dl is the elemental 
length of the volume. A force equilibrium would exist for the case 
of steady flow. The individual forces to be considered are the pressure 
force, weight force and viscous force (See fjgure 1). The pressure 
force) fp, is the difference of the pr essure at t he entrance of the 




Force Diagram Used 1n 
Deriving Darcys Law 
9 
The net force f is 
p 
Where: 
f = -n dA (op/ol) cU 
p (2) 
n = Porosity (the ratio of void volume to 
total soil volume) 
10 
It is assumed that the net forces will be representative of the forces 
in the individual pores. The weight .force is 
f = -yn dA cU (oz/ol) 
g (3) 
Where y is the unit weight of the fluid, z is the coordinate above an 
XY plane and (oz/ol) is the sine of the angle cU makes with the XY 
plane. The viscous force opposing flow is 
f = -j.l c dA cU v 
j.l 
(4) 
Where J.l is the dynamic viscosity, c is a constant characteristic of 
the pore geometry and the soil grain surface contacting the fluid 
(specific surface) and v is the discharge velocity. Summation of the 
forces in equilibrium yields: 
- op/ol 
The velocity 1s given by: 
v = 
y (oz / ol) = + J.l c v 
n 




The intrinsic permeability, P, is substituted for n/c and has 
dimensions of 12 CWalton, 1970) . The total head acting on the soil is 
h = CP I y + z + f ) (7) 
Where f is the elevation of t he "XY plane above an arbitrary datum. 
In differential form with respect to the elemental length , tne head is 
"h a = 0 (p/y + z) / oR.. (8) 
The velocity can now be expressed as 
v = -yP oh 
p()Z (9) 
Where_ the ratio oh is the hydraulic gradient. The negative s1gn in-- . ~ 
dicates the direction of flow and is not used in Darcy's Law. The 
permeability, k, is equal to yP. Note that the permeability 1s pro-
ll 
11 
portional to the intrinsic permeability and inversely proportional to 
the viscosity. 
Assumptions m the derivation of Darcy's Law have raised 
questions with respect to the validity of its application to per-
meability studies. These are: 
1. The flow is laminar 
2. The net force and hence the net velocity is representative 
of the forces and velocities occuring in the soil pores 
3. Inertial forces are insignificant. 
Further discussion is presented to s~rize the work of investigators 
related to the validity of Darcy's Law. However, the test procedures 
for determining permeability and seepage rate assume that Darcy's Law 
is valid. 
VALIDI1Y OF DARCY'S LAW 
Much discussion has occured on the applicability of Darcy's Law 
to soil permeability. The assumption of Jamina.r flow appears to be 
the most controversial point in applying the work of Darcy . If the 
velocity determined by the expression 
v = ki (1) 
is divided by the porosity of the soil, a seepage velocity is determined. 
12 
- (10) = v n 
Although this average seepage velocity 1s more indicative of the 
velocity in the soil pores, no method is available for determining the 
true pore velocity. 
Hantush (1964) relates the flow through soils to an analogous 
flow through capillary tubes and uses the Reynold number as an index 






= pvd10/11 (11) 
= Bulk velocity 
= Fluid density 
= Dynamic viscosity 
= Mean grain diameter, or diameter such 
that 10% by weight is of smaller size 
and 90% is of larger size 
He gives the transition of laminar to turbulent flow as occuring at 
Reynolds numbers of 1 to 10. Darcy's Law would then be applicable 
since typical Reynolds numbers for soils were shown to be less than 
l..Ulity. No experimental data was shown to support these f indings. 
Rumer (1964) stated the transition of l aminar to turbulent 
flow was not the cause of non-Darcy behavior. He proposed that 
resistance to flow should be the summat ion of the drag forces of each 
individual particle in tJ1e soil, given by Oseen' s expression 
D = 3n l1 dU (1 + 3/16 U dp/lJ) (12) 
Where: D = Drag force 
d = Particle diameter 
U = Magnitude of parallel stream of 
uniform velocity 
p = Fluid density 
This expression would be valid up to a Reynolds number of 5. For 
flow conditions it would be incorporated into an expression such as 
equation 5. His explanation for dev~a tion from Darcy's Law was an 
increasing influence of inertial forces in the higher laminar flow 
velocities. Since the pore velocity cannot be accurately measured, 
his presentation does not seem of much use in practical application 
of soil permeability. 
York (1970) found that although Darcy's Law was not valid for 
13 
flow in coarse grained materials it was valid for hydraulic gradients 
of 4 to 1. At other gradients, the permeability was found to vary 
with the hydraulic gradient. This finding is supported by others 
(Anandakrisiu1an et al; 1964); (Burmister ~ 1954). Lane (1964) stated 
this variation at higher hydraulic gradients was due to specimen 
changes!' such as densification ,. grain rearrangement, and removal of 
air bubbles from the fluid. The other authors did not reach these 
conclusions however . 
The va.riat i on i11 permeability with hydraulic gradient, has l ed 
to the intr oducti on of new mathematical equations for flow. Some of 
these are (Harr , 1962) 
l = a v + b vn (13) 
and (Anandakrishran et al, 1964) 
vn = k'i (14) 
Wher e; a, b are constants 
k' = Coefficient of tur bulent flow 
n = Turbulence exponent 
The rnaj or problem in applying equations of this type is that two or 
three parameters must be determined rather than one. They add 
comple-xity to the problem rather than solving it. 
14 
To give a quantative idea of the magnitude of the inaccuracy, 
Table 3 and Figure 2 give the permeability of Ottawa sand at different 
hydraulic gradients and porosities. The data are calculated from 
constant head permeability tests performed by the author. 
The major error in applying the permeability determined ln 
tests to actual conditions seems to lie in the difference in the 
hydraulic gradient which is used in the test and that which exists m 
the field condition. If the field gradient can be estimated the test 
condition can duplicate it with sufficient accuracy (Anandakrishian 
et al, 1964). Ward (1964) states that: 
1. Any equation for flow should reduce to Darcy's Law as the 
velocity decreases. 
2. Constants should be characteristic of the fluid and the 
media and should not vary with the velocity. 
The foregoing discussion summarizes the debate on the validity 
of Thlrcy' s Law. Various authors suggest that the asswnptions inherent 
in Darcy's Law limit its applicability to natural soil conditions. 
Limitations of their discussions must also be considered. Hantush 
related the flow in soils to flow in capillary tubes. Based on this 
relation the flow should change from laminar to turbulent at a 
critical Reynolds number. However, this phenomenon has not been shom1 
for soils (Lee, 1968). Rumer's conclusions are intuitively correct, 
but no method of applying them to soil application is available. The 
same applies to the formulas of Harr and Anandakrishnan and 
Porosity (n) = 0.42 
Porosity (n) = 0.39 
Porosity (n) = 0.36 
TABLE 3 
PERMEABILITY VARIATION WITH HYDRAULIC GRADIENT 
AND POROSITY FOR OTTAWA Sfu\TD 
Hydraulic Gradient (i) 2 3 
Permeability (k20)* 8.18 6.65 
Hydraulic Gradient (i) 2 3 
Permeability (k20)* 7.76 6.09 
Hydraulic Gradient (i) 2 3 
Permeability (k20)* 6.65 5.37 
-2 0 * kzo Expressed as 10 em/sec at 20 C 
4 



























0 n = 0.42 
L n = 0.39 
Q n = 0.36 
4 5 6 
!Iydrauljc GradiC'nt 
FIGURE 2 
Pcnncabi.J.i ty vs. Ilydrau] ic Gradi ent 
for OtUtwa Sand (Note TABLE 3) 
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Varadarajuler. The latter presented methods for determining the 
required constants based on a permeability test in which Darcy's Law 
was assumed correct. However, this assumption is made in all the 
permeability tests examined. Experience has shown that these tests 
can be used in a practical application, within the limits of accuracy 
of each method. 
CHAPTER II 
lABORATORY DETERMINATION OF PE&\1EA.BILITY 
Determination of permeability in the laboratory is done by 
three methods: constant head, falling head and oedometer. The 
oedometer method is primarily used for consolidation studies and does 
not seem to have specific applications in sanitary landfill analyses. 
The soils on which the tests are performed are either un-
disturbed or remolded samples. Remolded samples are not necessarily 
representative of field samples, in that soil structure is altered 
during the remolding process. Sample distrubance must be minimized 
to reproduce natural conditions as accurately as possible. 
A schematic diagram of the apparatus used in the constant head 
test is shown in Figure 3a. The permeability is determined by 
collecting a vohnne of water, Q, in time, t. The relationship 1s 
then: 
k = ~t (14) 
Where: L = Sample length 
h = Constant head 
A = Area of the sample 
Rearranging terms yields: 
QL -h 
At = k-L (15) 
or Darcy' s Law: 
v = ki (1) 
18 


























Note that the above test directly relates a superficial velocity 
of flow (discharge velocity) to the hydraulic gradient and is also use-
ful for turbulent conditions (Anadakrishnan et al, 1964). 
· Evaporation of water from the supply reservoir can effect 
results in tests run over long periods of time. York (1970) shows 
that with proper precaution, errors from this source can be avoided. 
The falling head device is shown in Figure 3b. The equation for 
permeability is derived by noting the quantity of flow per time, q, 
q = dh . A crt t (16) 
Where: dh = Change in head 
dt = Change in time 
At = Area of the tube 
Also from Darcy's Law: 
q = khA (17) 
L 
Where: q = Quantity of flow per time 
k = Permeability 
h = Head 
L = Sample length 
A = Sample area 
Equating (16) and (17) yields.: 
khA = -dh A or (18) 
L at t 
-dh = kA dt (19) 
h LA.t 
Applying the bmmdary condition, as time changes from 0 to t ~ h 
changes from h
1 









For this test, Darcy's Law has a.lso been asstmled valid (E~qua-
21 
tion 17). Also the laboratory procedure can not be used to duplicate 
a field condition where a constant hydraulic gradient exists. 
In engineering workJ permeability is generally reported at a 
0 standard temperature of 20 C, and the temperature correction is given 
by (Lambe, 1969); 
Where: 




= Permeability at zo0c 
ky = Permeability at temperature T 
1120 = Viscosity of water at 20°c 
(22) 
11y = Viscosity of water at temperature T 
0 This correction can cause variation by a factor of 1. 8 at 0 C to 0. 7 
at 40°C. 
Several problems exist in laboratory penneability measurements. 
Complete sample saturation must be accompli shed before t he permeability 
is representative of the sample·. Saturation can be accomplished by 
subjecting the sample to a partial ~~cutml before water is passed 
through the sample. Disturbance of the sample must be avoi ded in 
this procedure. Leakage between the sample and the penneameter wall 
has been shown in some cases to affect the determined permeability by 
as much as a factor of 35 (York, 1970). This problem can be avoided 
by use of a membrane between the sample and the wall. Sample dis-
turbance can occur in transporting the soil from the field to the 
laboratory and should be minimized. 
22 
· - ·The samples used in laboratory tests are usually less than 10 ern 
in diameter and yet are often assumed to be representative of the 
field condition. This can be an obvious problem. Since there are also 
several sources of operator error in the laboratory tests> the 
reliability of the results may be questioned. An alternative which 
can increase the reliability is determination of permeability by 
field tests. 
CHAPTER III 
FIELD DETERMINATION OF PERMEABILITY 
The decision to conduct field permeability tests is influenced 
by several clmracteristics of the test. First, the soil is tested in 
its natural conditions. Sample disturbance is minimized in carefully 
controlled tests. Secondly, sources of error due to the laboratory 
equipment evaporation and wall leakage, are avoided. Lastly, the area 
which influences the test results in larger and hence, a more repre-
sentative figure for the permeability should result. Three methods of 
field testing, the auger hole, single tube and double tube, will be 
discussed. A diagram of the equipment is shown in Figure 4. 
THE AUGER HOLE METHOD 
The auger hole method was developed by van Bavel and Kirkham 
(1948), and is the most practical for permeability measurements below 
a ground water table (G.W.T.). The procedure is to auger a hole to 
a depth below the grmmd water. · The hole is allowed to fill and the 
highest level attained is assumed to be the G.W.T. height. Water is 
then pumped from the hole and the hole allowed to refill several times 
to flush out soil pores in the sides of the hole. A measurement is 
then taken of the change in water level with respect to time, dh/dt, 
during subsequent pumping and refilling operati ons. 
23 
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This method is subject to an exact mathematical analysis based 
on the depths to a more pervious or impervious layer (van Bavel and 
Kirkham, 1948). Reasonable results have been obtained by using: 
Where: 
k = 0.617 r dh 
Sd CTf 
k = Permeability 
h = Depth of water in the hole 
(23) 
r = Radius of hole when dh/dt is determined 
dh at = Rate of rise of water in hole at depth h 
S = Coefficient dependent on ratios of h/d 
and r/d 
The coefficient, S, decreases with increasing values of h/d 
and r/d. A graphical method for determining this coefficient is 
presented by Spangler and Handy (1973). 
The horizontal permeability is determined by this method 
because the flow into the hole is mainly horizontal. It is particularly 
useful for determining the horizontal permeability of nonisotropic 
soils. For auger holes in layered soils, the permeability is a 
composite of the permeabilities of the individual layers (Spangler 
and Handy, 1973). This method is very simple and has practical 
applications to the sanitary landfill~ where the water table is near 
the surface. 
THE SINGLE TUBE METHOD 
The single tube method is very similar to the auger hole method, 
and was developed by Frevert and Kirkham (1948). For this method, 
after the hole is dug, a tight fitting tube is driven into the hole. 
Repeated emptying of the hole is not necessary because flow does not 
pass through the sides of the hole. The hole is allowed to fill to 
determine the G.W.T. level and then emptied to begin the test. 
26 
· The rate of rise of the water level is measured with respect to 
time. Permeability is determined by: 
Where: A = Area of the tube 
h = Initial depth of water level below 
0 the G.W.T. 
hl = Final depth of water level below 
the G.W.T. 




E = Coefficient 
(24) 
The coefficient> E-factor, is determined from the diameter of the tube, 
the depth of the tube below the G.W.T. and the shape of the bottom of 
the hole. For a horizontal hole bottom~ the simplest case, E increases 
with increasing diameter and decreases with increasing depth to dia-
meter ratio. The dimesions of E are length 3 and it is determined by 
electrical analog studies. Values are tabulated in Spangler and 
Handy (1973). 
For accuracy in the single tube method, several precautions are 
necessary. It is necessary that no leakage occurs between the tube and 
the hole. Also, the bottom of the hole should not be disturbed. Emp-
tying the hole and allowing it to refill may flush out the pores at 
the surface. 
27 
The flow in the single tube method is vertical and this increases 
the effect of the vertical component of permeability. This method and 
the auger hole method are designed for use below the ground water 
table. - Th~double tube method is designed for permeability deter-
minations above the ground water table. 
TilE DOUBLE TUBE METHOD 
The double tube method is apparently the most accurate field 
determination technique of permeability. The procedure and calculations 
are summarized here. For a theoretical derivation of the method, the 
reader is referred to the literature Bouwer (1961). It is primarily 
used for above the ground water table permeability determination. 
The apparatus consists of an inner and outer tube each of 
which is connected to a stand pipe. The minimum ratio of inner and 
outer tube radii is 1.7, however accurate results have been achieved 
with a ratio of 1. 6. An undisturbed surface at the bottom of the 
auger hole is necessary for use of the test. 
The test procedure begins by driving the outer tube into the 
auger hole to penetrate to a depth of about 5 em below the bottom of 
the hole. The soil is saturated by filling the outer tube and the 
inner tube is then emplaced in the outer tube. Guides in the outer 
tube are recorrnnended to maintain concentricity. A penetration of 2 em 
for clayey soils and 2 to 3 em for sandy soils is recommended. The 
depth of penetration, d, must be known for calculations . The inner 
tube is connected to the inner tube standpipe (ITS) by a2lastic hose. 
The water level is maintained in the outer tube and the plastic hose 
28 
1s coiled with no downward bends to prevent a1r locks after the cover 
is bolted to the outer tube. With the cover in place, water reservoir 
1s connected to the system at C, and the outer tube standpipe (OTS) is 
-
filled. When the standpipes are full, the reservoir connection is 
changed to point D. Pressure differences between the inner and outer 
tubes must be minimized to prevent "blow out" of the soil between the 
inner and outer tube. Valve A is then closed and the rate of water 
fall is recorded for the ITS while the level in the OTS is maintained 
at a constant level. The ITS is refilled and value A is opened. The 
rate of water fall for both tubes recorded for the same distance as 
before. The procedure is repeated until correlating data is attained. 
It is also recommended that ten times the amount of time required for 
the first level change is allowed before the second rate is determined. 
The level changes are then plotted with respect to height and 
time axes. Figure 5 illustrates the procedure. Permeability is 
determined from the equation 
2 
k = Rv M-It 
Where: 
F :fc ~ HC!t 
R = Effective radius of the ITS 
v 
R = Radius of the inner tube 
c 
m,)Hdt = (Note Figure 5) 
F = The f low factor , dimensionless 
f 










Graphical Detennination of &It and )Hdt for the Double 
Tube Method 
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Where: QH = The rate of flow at H 
H = Dist~ce of the water level in the 
inner tube above (positive) or below 
(negative) of the level of water in 
outer tube 
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For graphical solutions of Ff' the flow factor is a function of 
the depth to a more permeable or impermeable strata underlying the 
tested strata (D)) and the depth of the penetration of the inner tUbe 
(d). The first factor is expressed as D/R and the latter as d/R for 
c c 
solutions in Bouwer (1961). For the permeable layer case, the flow 
factor decreases for increasing values of D/R and d/R . For the 
c c 
impermeable case, the flow factor increases with decreasing values of 
d/R and D/R . c c 
Data presented by Bouwer based on sand model experiment 
indicates that this method is very accurate. It can also be modified 
to determine a relationship between the vertical and horizontal per-
meability components of the soil (Bouwer, 1963). It does require 
knowledge of the geological characteristics of the area in which the 
test is performed. Experience in running the test is also necessary. 
Field determinations of permeability by these methods have 
several advantages over the laboratory tests. The permeability is 
determined for a larger volume of the soil strata than for the lab-
oratory tests. Sources of error from equipment are reduced, however, 
complexity is introduced in the double tube method. TI1e accuracy to 
· which the coefficients of each method, (S, E, Ff) are determined will 
affect the accuracy of the tests. It may also be desired to determine 
the permeability for an entire strata of soil. For this, field 
pumping tests are recommended. 
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FIELD PUMPING TESTS 
The field pl.UIIping test data is used to relate the shape of the 
cone of ftepression of a pl.UIIped well to the aquifer's ability to 
transmit water. The shape of the cone of depression is determined by 
measurements taken in wells near the pl.UIIpe_d well. Most work performed 
to date in this field has been by the U.S. Geological Survey (Land, 
1967). In their work, permeability is expressed in Meinzer units 
(rate of flow of water in gallons per day through one-ft2 or a 
section under the influence of a hydraulic gradient of 1 ft/ft). The 
standard temperature is 60°F. This requires consideration in inter-
preting the Survey's data. 
In aquifer analysis, aquifers are categorized in three general 
types: 1. completely confined aquifers (artesian); 2. aquifers 
confined by leaky strata; 3. water table aquifers. Methods for 
analysis are categorized as equilibrium and non-equilibrium. Analyses 
by the equilibrium method requires a stabilized cone of depression, a 
constant flow rate from the pumped well and known drawduwn distances 
in wells at two different radii from the pumped well. The formula 
for these conditions is given as (Wal t on, 1970): 
Where: 
k = Q ln (r2/r1) 
2 n m(s1 - s2) 
k = Permeability 
Q = Pl.UIIp~g rate 
Distance and dra.wdmvn in 
observation wel l 1 
respectively 
= Distance and draw clown in 
observation well 2 
respectively 
(27) 
m = Thickness of the aquifer 
Use of the equilibrium formula is based on the following assumptions 
(Lang, 1967): 
-
1. The aquifer is homogenous, isotropic and infinite lll 
a real extent 
2. The well penetrates and receives water from the entire 
aquifer 
3. The coefficient of permeability 1s constant in all places 
and all times 
4. The flow is laminar. 
32 
Non-equilibrium conditions in aquifers are analyzed by applying 
the appropriate boundary conditions to the differential equation 
governing flow for the particular case QNalton, 1970). For artesian 
aquifers the differential equation is: 
Wnere: 
1 ah 
= r ar 
s ah 
T at 
T = Transmissibility 
S = Specific storage 
h = Height of cone of depression above 
underlying aquiclude (dattun) 
r = Distance from wel l to observation 
point 
t = Time 
(28) 
Applying the boundary conditions as h approaches h , r approaches 
0 
infinity fort greater than 0, where h is the height of the piezo-
o 
metric surface above the datum~ and initial conditions h (r,o) = h
0 
yields (Walton, 1970) : 
s = Q 
4 rr T 
I a: -u 
\ ~ du 
; r 2s/4Tt u 
I 
(29) 
Where: S = Drawdown (h - h) 
0 
Q = Pumpin~ rate 
The integral fonn in the above equation ~ ~ e -u du, (W(u)), is read 
- u 
as the well function of u. This analysis assumes in addition to the 
above (Lang, 1967): 
1. The pumped well has an infinitesimal diameter. 
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2. Water released from storage is discharged instantaneously. 
Analysis by the above formula requires a logrithmic plot of u versus 
W(u), called a type curve. The observed data are plotted on a log-
arithmic plot of the same scale and superimposed on the type curve with 
parallel axes to obtain a best fit of the field data and type curve. 
The displacement of the major axes is then used to determine the 
transmissibility and hence permeability. For a more detailed review 
of non-equilibrium formula analysis, the reader is referred to Walton 
(1970) or Parcher and Means (1968). 
Water table aquifer analysis 1s more complex. However, such a 
condition seems to apply to sanitary landfill applications more than 
the other two types. Because of the slow drainage in this type of 
aquifer the cone of depression occurs in three stages (Lang, 1967). 
In .the first stages, water is released from storage as in an artesian 
aquifer. However, this represents only a small portion of the water 
available. Secondly, slow drainage of material above the cone of 
depression acts as a source of recharge causing drawdown to decrease. 
Thirdly, the cone spreads more rapidly until the cone of depression 
reaches a source of recharge or a boundary. In the third stage> 
incremental release of water from storage 1s small due to the large 
area involved. This progression requires superposition on the type 
curve for data taken early in the test and data taken later in the 
test. The reader is referred to Walton (1970) for more detailed 
explanation. 
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Several conditions must be considered before pumping is applied 
to sanitary landfill site exploration. Pump test data would provide 
an accurate picture of the actual field conditions. The permeability 
can be determined for both the horizontal ru1d yertical components. 
However this method is recommended for aquifers approaching homogenous. 
conditions ~sur and Dietrich, 1965). This may not be the field 
situation, particularly for water table aquifers, where impervious 
strata may invalidate the test results. 
Another consideration is the accuracy inherent in the data 
analysis. A best fit between field data and type curves is matter 
of judgement. Experience would be required for accuracy. The cost 
of the pumping test method is high. Several wells are required, and 
equipment for pumping and level measurements are required. Therefore, 
the use of this method may be l imited, where less eA~ensive techniques 
for permeabi lity determination are judged to be sufficient. 
In all the permeability determination methods discussed there 
are sources of inaccura·cy. Operator error, coefficient determinations; 
non-ideal conditions and the degree that the sample represents the 
field condition are cited as sources. Quantization of the accuracy 
for a general case or even a particular method is extremely difficult. 
The use of several different test procedures (or repeating of procedures) 
should result in a . range of permeabil ities representative of a given 
site or strata. The range of permeabilities and their useful design 
35 
would depend on the desired accuracy of the application to the field 
condition and the economic cost which could be justified. 
CHAPTER IV 
APPLICATION OF PERMEABILITY 
Initial site explorations are extremely important before the lo-
cation of the landfill is chosen. Access, topography and soil condi-
tions should be considered. Increasing awareness of the need for en-
vironmental preservation dictates protection for the surrounding ground 
waters. Because the leachate is carried through the soil, the impor-
tance of soil permeability in site selection consideration is emphasized. 
A representative permeability determination is then necessary. 
The permeability determined in the field pumping tests is repre-
sentative as an average of the entire strata tested. The horizontal 
and vertical components of the permeability can be determined by calcu-
lation ~ansur and Dietrich, 1965). For flow conditions in strata, a 
representative permeability is determined by mathematical analysis. 
For flow parallel to the orientation of the strata the ari~me-
tic mean of the permeability is used. 
Where: 
kl + kz + k3 
~ = n 
+ • • • + k . n (30) 
k = representative permeability for parallel 
P flow 
k1,k2,kn = permeabilities of the strata 
n = number of strata 
For flow perpendicular to the strata orientation a harmonic mean is 
used: 
= n 
1/k1 .+ 1/k2 + • • • + 1/kn 
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Where: ks = representative permeability for series flow 
It has been shown, by electrical analog studies, that the geometric 
mean is most representative in anisotropic strata of soils (Bouwer, 
1969). It is determined by 
Where: 
kg = n; kl X k2 X 




The analyses used to arrive at a representative permeability will de-
pend on the flow condition and the soil conditions. 
The rate of leachate migration at a sanitary landfill will be 
no greater than the rate of ground water movement. For water table 
conditions, the hydraulic gradient is determined from piezometric sur-
face measurements. The velocity can then be determined using the 
permeability by Darcy's Law. For migration downward into a ground 
water table, infiltration rate analyses are required. Methods of de-
termining this rate are given by Fok (1970) . The permeability of the 
soil is required for this determination. 
Dispersion perpendicular to _the direction of flow can be expected. 
Methods to determine this dispersion are presented in Li and Lai (1966). 
Varying concentrations of pollutants carried by the leachate can be ex-
pected. This variance will also be proportional to the permeability 
of the soil. (Cartwright and McComas, 1968). A method of pattern anal-
ysis is given in Legrand (1965). Predicting this dispersion is the 
major task in choosing sites for landfills; controlling it is the man-
agement responsibility. 
Three alternatives exist in choosing and managing a landfill 
site. These are (Re~on, et al, 1968): 
1. Consolidate and stabilize the site as soon ·as possible 
2. Delay degradation as long as possible 
3. Control degradation so that leachate production will be 
within acceptable limits. 
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The fir~~ _alternative would require an area of high permeability with 
compaction of cover materials minimized. Localization of leachate to 
prevent migration to ground waters must be _accomplished. At the Orange 
County site, geology prevents migration (McLellan, 1973). The second 
, would require a nearly impermeable site with highly compacted cover 
material. For the third alternative compaction requirements for the 
cover material could be specified with respect to the permeability. 
Soil additives may also be used to further control the permeability. 
If permeability is used as a control parameter, it should be 
determined to a high degree of accuracy. At present, the laboratory 
and field methods may not achieve desired accuracy. The use of many 
tests and the determination of some statistical variation could be a 
possible solution to the accuracy problem, although it would be very, 
very expensive. This suggests that further research needs to be ac-
cornplished to determine the reliability of permeability tests. Ex-
perience gained in this area could be valuable to the environmental 
preservation task, if the costs are reasonable. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
A review of soil permeability theory; determination methods and 
applications to sanitary landfills is presented. The characteristics 
' of soils and their relationships to permeabilities is also discussed. 
Several conclusions have been reached in this report. 
The complete validity of Darcy's Law when applied to soil seems 
doubtful. The law fails to account for several factors which are sig-
nificant for certain conditions, such as turbulent flow and inertial 
forces. However, no alternative theory has been proposed which has 
practical applications to the natural soil case. Darcy's Law has been 
successfully applied in past work and can be used if limitations are 
respected. 
Permeability may be measured ln the laboratory or the field by 
various methods. The size of the sample or area of influence must be 
considered in interpreting test data. Factors which must be considered 
in choosing tests methods are sample disturbance, equipment and opera-
tor sources of error, accuracy required, and cost. The faith placed in 
results is a matter of experience and judgement. 
Several considerations in applying permeability to landfill ap-
plications are apparent. The test results may yield only a range of 
values. The geometric mean of these values is suggested as the most 
representative of the field conditions particularly for anisotropic 
layered soils. Field pumping tests would give a representative perme-
39 
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ability for an entire stratum; however, it is not applicable to the 
above case. The leachate can be expected to change the permeability 
of the soil. Prediction of these changes has not yet been determined 
and requires further research. 
The California State Department of Water Resources has classi-
fied the acceptability of _the landfill sites with respect to transmis-
sibility. Their classification is very general, and indicates the ac-
curacy of permeability tests currently available is sufficient. Fur-
ther study particularly in retrospective analysis should improve on 
this classification method. 
In managing sanitary landfills, permeability can be used to de-
termine cover characteristics. Compaction and use of soil additives 
are reconnnended for limiting permeability. Management techniques should 
be directed toward limiting or eliminating leachate migration from the 
landfill site. This migration could be quite costly particularly where 
municipal water resources are derived from ground water sources. The 
cost must be measured in terms of removing pollutants from surrounding 
ground waters. The accuracy of available determination methods of per~ 
meability may limit its application in managing landfills. 
The present state of the art indicates a methodology in locating 
and managing sanitary landfills. Based on geologic/hydrologic evalua-
tions, permeability including determinations, a reasonable judgement of 
site acceptability can be made . Management practice can use permeability 
tohelp specify operational procedures if sufficient accuracy is obtain-
able. Most important a monitoring program must be established to de-
termine the rate of leachate migration within or from the site. The 
leachate migration might limit further use of the landfill site or re-
41 
quire construction of control structures. Research at the landfill 
site will provide information for future improvement of the sanitary 
landfill technique for solid waste disposal. 
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